A single tube, fluorogenic probe-based, real-time quantitative reverse transcription-polymerase chain reaction (Q-RT-PCR) assay was developed for detection and quantitation of bovine respiratory syncytial virus (BRSV) using BioRad's iCycler iQ ™ . Real-time Q-RT-PCR was compared with quantitative competitive RT-PCR (QC-RT-PCR) and viral titers. Viral mRNA levels were measured in BRSV-infected bovine turbinate cell lysate harvested at eight time points (1.5, 6, 12, 24, 36, 48, 60, 72 h) post-infection. A homologous BRSV cRNA standard was used for quantitation of the mRNA by plotting a standard curve of cycle threshold (Ct) values versus standard 10-fold dilutions of cRNA of known concentrations. Detection as low as 171 copies/μl of standard BRSV cRNA was possible. For QC-RT-PCR, a competitor RNA molecule having a deletion was designed and used for quantitation of the BRSV viral mRNA. The results of real-time Q-RT-PCR and QC-RT-PCR assays showed a positive correlation. Real-time Q-RT-PCR was a sensitive, specific, rapid, and efficient method that eliminates the post-PCR processing steps when compared to QC-RT-PCR. Quantitation of BRSV using real-time Q-RT-PCR will have application in studies aimed at understanding the pathogenesis of BRSV.
Introduction
Bovine respiratory syncytial virus (BRSV) is a ubiquitous respiratory pathogen of cattle, which contributes to causation of bovine respiratory disease complex. BRSV belongs to the genus Pneumovirus and family Paramyxoviridae (Murphy et al., 1995) , and is closely related to human respiratory syncytial virus (HRSV) (Lerch et al., 1989) . HRSV causes respiratory disease in young children, the elderly and in individuals that are immunocompromised. Respiratory syncytial virus (RSV) has a single-stranded, negative-sense RNA that is approximately 15.2 kbp in length. The viral genome is transcribed into 10 subgenomic RNA's, which encode for 11 proteins (Huang and Wertz, 1982) .
Laboratory diagnostic tests for BRSV include virus isolation, histopathologic examination, enzyme-linked immunosorbent serum assay (ELISA) and reverse transcription-polymerase chain reaction (RT-PCR) procedures. While ELISAs are sensitive and specific (Hazari et al., 2002 and West et al., 1998) , they require use of viral protein specific antibodies for detection. RT-PCR has been used for detection of BRSV and has proven to be more sensitive and rapid than virus isolation, indirect immunofluorescence, enzyme immunosorbent assay, and histopathologic examination (Oberst et al., 1993a and Oberst et al., 1993b; Valarcher et al., 1999) .
While RT-PCR can be used to detect specifically BRSV, it cannot be used to determine the total amount of viral mRNA present in cells or tissue. This can be achieved using quantitative RT-PCR (Q-RT-PCR). Realtime Q-RT-PCR involves use of an external standard to create a standard curve to which results of assays of unknown samples can be compared. Real-time Q-RT-PCR is a rapid and sensitive method that can be used to accurately detect and quantify viral mRNA of BRSV-infected cell culture and tissues.
Quantitative competitive RT-PCR (QC-RT-PCR) uses an internal competitor that differs in size from the target, by creating a deletion or insertion and uses the same primers as the target, leading to equal amplification efficiencies and equal competition to determine the amount of mRNA present in the unknown sample.
This study describes, for the first time, the use of realtime Q-RT-PCR to detect and quantify viral mRNA in cell cultures infected with BRSV. This method was compared to QC-RT-PCR and virus titration.
Materials and methods

Cells and virus
Bovine turbinate (BT) cells (USDA, Animal and Plant Health Inspection Service-Center of Veterinary Biologics, Ames, IA) were infected in duplicate with BRSV strain 236-652 (Brodersen, B. and Kelling, C., 1998) using a multiplicity of infection of 0.05. Viral inoculum (0.8 ml/well) was allowed to adsorb to BT cells in 6-well tissue culture plates for 1.5 h on a rocking platform at 37 °C. The viral inoculum was removed and replaced with 3 mls Dulbecco's modified eagle medium (DMEM) (Invitrogen, Carlsbad, CA) supplemented with 2% horse serum (Hyclone, Logan, UT). The virus-infected cells were incubated at 37 °C, 5% CO 2 , harvested at 1. 5, 6, 12, 24, 36, 48, 60 , and 72 h post-infection, and stored at −80 °C. Samples were then thawed on ice, vortexed and aliquoted into 1 ml Wheaton cryule vials (Wheaton, Millville, NJ) and stored at −80 °C until used for RNA extraction.
RNA extraction
Total RNA was extracted in duplicate from the cell lysate of two separate BRSV-infected cell cultures at each time point using TRIZOL ® LS reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's recommendations. Extracted RNA was stored in 75% ethanol at −80 °C until used. Prior to use, RNA was pelleted, dried, and resuspended in 10 μl diethylpyrocarbonate-treated water and used immediately.
Virus titration
Virus was diluted serially, 10-fold (10 −1 -10 −7 ) in DMEM, and each dilution of virus was aliquoted into each of 8 wells/dilution (50 μl/well), of a 96-well tissue culture plate. To each well, a 100 μl suspension of BT cells (2 × 10 4 cells/μl), in DMEM supplemented with 3% horse serum, 1.5X gentamicin (Sigma, St. Louis, MO) and 1.5X fungizone (Invitrogen, Carlsbad, CA), was added. After incubating for 10 days at 37 °C, 5% CO 2 , cells were fixed in 20% acetone (v/v) in phosphate buffered saline for 15 min at room temperature and allowed to dry overnight. An immunoperoxidase staining protocol (Brodersen and Kelling, 1998) was performed which used the monoclonal antibody 8G12, specific for the F protein of BRSV (Klucas and Anderson, 1988) , as the primary antibody and biotinylated horse anti-mouse immunoglobulin (Vector Laboratories, Burlingame, CA) as the secondary antibody. Antibody binding was detected using streptavidin horseradish peroxidase conjugate (Zymed, San Francisco, CA) and 3-amino-9-ethylcarbazole (Sigma, St. Louis, MO). All staining was done in duplicate.
Synthesis of RNA standard
Viral cDNA was synthesized by RT-PCR from BRSV 236-652 F protein, using forward primer 1029F and reverse primer 1292R, and cloned into pCR 2.1 (Invitrogen, Carlsbad, CA) according to the manufacturer's directions. Plasmid DNA containing the BRSV F coding region was isolated from transformed bacteria using the Wizard ® Plus Minipreps DNA purification system (Promega, Madison, WI) according to the manufacturer's directions. Plasmid DNA was digested with restriction endonucleases KpnI and XbaI (Invitrogen, Carlsbad, CA) followed by agarose gel electrophoresis and visualization of digested products by ethidium bromide staining to verify the correct DNA insertion. The proper DNA sequence was confirmed further by automated sequencing (Genomics Core Facility, UNL, Lincoln, NE). The DNA insert was modified by addition of a 30 bp T-7 promoter using PCR with the forward primer, T7-1029F, and reverse primer, 1292R. This resulted in an amplified region of 264 bp (not including the T7 promotor) to be used in an in vitro transcription reaction. The T7-promoter modified PCR product was used to transcribe the cDNA to cRNA in the presence of [α-32 P]ATP using the RT-PCR Competitor Construction Kit (Ambion, Austin, TX) according to the manufacturer's directions. The concentration of the standard was determined by measuring the counts per minute (cpm)/μl of the purified competitor RNA and the cpm/μl of the transcription reaction using a Wallac 1410 scintillation counter according to the manufacturer's directions. The standard concentration was determined to be 1.71 × 10 8 copies/μl and was stored at −20 °C until used for Q-RT-PCR. Serial dilutions of the standard concentration were prepared and used for generation of the standard curve during Q-RT-PCR.
Synthesis of RNA competitor
The same BRSV cDNA prepared from the F protein of BRSV 236-652 using PCR as previously described in Section 2.4 was used for RNA competitor construction. Restriction endonuclease digestions were then performed using restriction endonucleases, MfeI and BsrGI (New England Biolabs, Beverly, MA) to excise a 45 bp segment from the BRSV F protein coding region. The ends were digested with Mung Bean nuclease (New England Biolabs, Beverly, MA) and re-ligated. The modified DNA sequence was confirmed by automated sequencing (Genomics Core Facility, UNL, Lincoln, NE). PCR was then performed on the plasmid DNA, with the deletion, using forward primer T7-1029F and reverse primer 1292R. The T7-modified PCR product was then used to transcribe the cDNA into cRNA using the RT-PCR Competitor Construction Kit (Ambion, Austin, TX). Competitor concentration was determined to be 7.41 × 10 7 copies/μl (see Section 2.4) and was stored at −20 °C until used for QC-RT-PCR.
Primers and probe
Primer and probe sequences were designed based on sequence homology of the F protein among six different BRSV strains that were aligned using Wisconsin package version 10.2, Genetics computer group (GCG, Madison, WI) and using the parameters outlined by the TaqMan probe design. The BRSV probe was labeled with a fluorescent reporter dye (6-carboxyfluorescein, FAM) at the 5′ end with a quencher dye (6-carboxytetramethylrhodamine, TAMRA) at the 3′ end (Qiagen, Alameda, CA). Sequences of primers and probe are listed in Table 1 .
Real-time Q-RT-PCR
The real-time Q-RT-PCR was performed in single wells of a 96-well plate (BioRad, Hercules, CA) in a 25 μl reaction volume using components of the AccessQuick™ RT-PCR system (Promega, Madison, WI). The 25 μl reaction mixture contained, 12.5 μl AccessQuick ™ master mix (2X), 2.5 μl of 3 μM forward primer, (1085F), 2.5 μl of 3 μM reverse primer (1210R), 1 μl of 2 μM fluorogenic probe, 3 μl of ddH 2 O, 1 μl 50 mM MgCl 2 , 0.5 μl of AMV RT (5 U/μl), and 2 μl of BRSV RNA sample. The RT-PCR thermocycling program consisted of 50 °C for 30 min, 95 °C for 5 min, followed by 35 cycles of 95 °C for 15 s and 55 °C for 50 s. Both reverse transcription and PCR were carried out in the same well of a 96-well plate using the iCycler iQ ™ (BioRad, Hercules, CA).
Fluorescence was measured following each cycle and displayed graphically (iCycler iQ Real-time Detection System Software, version 2.3, BioRad, Hercules, CA). The software determined a cycle threshold (Ct) value, which identified the first cycle at which the fluorescence was detected above the baseline for that sample or standard. The standard curve, Ct values versus starting standard mRNA amounts, was used to determine initial starting quantity of BRSV mRNA from each time point based on the Ct values of the BRSV samples.
Quantitative competitive RT-PCR
QC-RT-PCR was performed in a single tube using the same AccessQuick ™ master mix. The reaction mixture consisted of 12.5 μl of master mix, 2.5 μl of 3 μM forward primer (1085F), 2.5 μl of 3 μM reverse primer, (1292R), 5 μl of ddH 2 O, 0.5 μl of AMV RT (5 U/μl), 1 μl of unknown RNA, and 1 μl of RNA competitor with known concentration. The RT-PCR thermocycling program consisted of 48 °C for 30 min, 95 °C for 5 min, followed by 35 cycles of 95 °C for 1 min, 55 °C for 1 min, 72 °C for 2 min, followed by a 10 min extension cycle of 72 °C. Both reverse transcription and PCR were carried out in the same tube using the Perkin Elmer Cetus, DNA Thermal Cycler (Perkin Elmer, Shelton, CT). Amplified samples were then electrophoresed in a 2% agarose gel for 75 min. Following ethidium bromide staining, bands were visualized and relative intensities determined using Kodak Digital Science ™ 1D software (Eastman Kodak Co., Rochester, NY). Underlined sequence is T-7 promoter sequence.
Statistical analysis
Results and discussion
This study was conducted to detect BRSV and to measure levels of viral mRNA in BRSV-infected cell cultures using real-time Q-RT-PCR. Real-time Q-RT-PCR viral mRNA levels were compared to QC-RT-PCR and viral titers using a time course assay of virus infection including eight time points (1.5, 6, 12, 24, 36, 48, 60, 72 h) post-infection.
Real-time Q-RT-PCR
Amplification plots and standard curves were generated upon completion of the Q-RT-PCR reaction (Figure 1 and Figure 2 ). The standard curve, with a slope of −2.992 and a correlation coefficient of 0.971, was created from 10-fold serial dilutions of the standard cRNA from 10 7 to 10 3 copies/reaction. Standard input copy numbers were plotted against the Ct values, which were between 14 and 28 cycles. The sensitivity of this assay was as low as 171 copies. All BRSV infected samples from each time point (1.5-72 h) tested positive with mean Ct values ranging from 20 to 25 cycles, showing that all samples were within the range of the standard Ct values. Results of the Q-RT-PCR were highly reproducible (coefficient of VARIATION = 10.4%) based on ANOVA of mRNA values for each time point (Table 2) . This is consistent with the high reproducibility of the TaqMan assay results for quantitation of hepatitis C virus (Puig et al., 2002) .
QC-RT-PCR
Following QC-RT-PCR, products were resolved in a 2% agarose gel followed by ethidium bromide staining. Relative intensities of bands were evaluated using the Kodak Digital Science ™ 1D software. Values were compared to determine the point of equal amplification (Figure 3) . BRSV mRNA measured by QC-RT-PCR was comparable to the amount of BRSV mRNA determined by real-time Q-RT-PCR at the time points evaluated (Table 3) .
Virus titration
The TCID 50 /ml of BRSV-infected cells, harvested at each time point post-infection, were determined in duplicate. BRSV titers were 10 2.8 TCID 50 /ml at 1.5 h post-infection 40-20.74 (19.37) and 10 3.9 TCID 50 /ml at the conclusion of the time course assay (72 h post-infection). The BRSV titer dropped to its lowest value (10 2.6 TCID 50 /ml) at 6 and 12 h post-infection and reached its highest value (10 4.1 TCID 50 /ml) at 48 h post-infection (Table 3) .
Comparison of methods
BRSV mRNA levels determined by real-time Q-RT-PCR and by QC-RT-PCR assays were plotted against viral titers at each time point post-infection (Figure 4) . To compare viral titers and QC-RT-PCR assay results with realtime Q-RT-PCR assay results, we assumed the error of variance for the Q-RT-PCR assay was the same as the viral titer and QC-RT-PCR assay and used a two-sample ttest. It was found that viral titers differed significantly (P < 0.05) from QC-RT-PCR and Q-RT-PCR assay results at all time points, post-infection. The results of QC-RT-PCR and Q-RT-PCR assays were comparable since there were no significant differences between mRNA levels from real-time Q-RT-PCR and QC-RT-PCR assays at all time points, except 12 h post-infection (P < 0.05). This was evidence that the real-time Q-RT-PCR BRSV assay is an accurate, reproducible assay. The assay is also time-efficient and can be used to advantage to replace traditional techniques such as virus titration and QC-RT-PCR. mRNA levels determined by either assay were significantly higher than viral titers, but the pattern of values obtained from each of the three assays over the infection time course correlated closely. This is consistent with a previous report by Garcia et al. (2001) , which showed that viral titers were lower when compared to mRNA levels obtained by real-time Q-RT-PCR assay of rift valley fever virus (RVFV) in cell culture and mouse sera. In that study, during a time course of RVFV infection, viral titers of infected cell culture ranged from 1.7 to 6.0 TCID 50 /ml and were significantly lower at the same time points post-infection than real-time Q-RT-PCR values, which ranged from 5.1 and 9.0 log RNA copies/ml. They also concluded that the difference in viral titers and real-time Q-RT-PCR values could be due to the presence of non-infectious viral RNA, or over-expression of the RVFV S segment in the cells. Similarly in our study, the comparatively higher levels of BRSV mRNA compared to BRSV titers, could be attributable to the presence of non-infectious BRSV RNA or due to the over-expression of BRSV F RNA in the infected cells. Development of the real-time Q-RT-PCR assay for BRSV, described in this report, is significant because the assay is sensitive and reproducible so that it will be useful for diagnostic applications. The assay is also efficient since use of test plates specifically designed for the iCycler iQ ™ allowed assay of up to 384 samples/plate. The Weinstock, 2001 and Mahlum et al., 2002) , foot and mouth disease virus (Callahan et al., 2002) , porcine endogenous retrovirus (Argaw et al., 2002) , and rotavirus (Schwarz et al., 2002) . Real-time RT-PCR assays were shown to be most efficient and sensitive for assay of clinical specimens infected with BVDV, when compared to gel-based RT-PCR assays, virus isolation tests, immunoperoxidase monolayer assays, and immunohistochemistry assays. Gelbased RT-PCR was more sensitive than cell culture virus isolation tests, but gel-based PCR results can be compromised by contamination during nucleic acid amplification. Contamination during amplification is avoided by using real-time RT-PCR assays. Weinstock, 2003 and Mahlum et al., 2002) . The adaptability of real-time RT-PCR assays was demonstrated when a portable real-time system was used to detect foot-and-mouth disease virus (FMDV) in the field. All seven serotypes of FMDV grown in tissue culture were detected with viral RNA detectable 24-96 h before development of clinical signs. The efficiency of the assay in this application was evident when test results were available within two hours (Callahan et al., 2002) .
Real-time Q-RT-PCR has also been used in disease pathogenesis studies to determine viral load and viral gene expression. Real-time Q-RT-PCR was five orders of magnitude more sensitive than Northern dot blot hybridization for determining viral load in spinal cords of mice infected with Theiler's virus. The high sensitivity of real-time Q-RT-PCR was clearly evident when as few as 20-30 copies of Theiler's virus RNA copy equivalents were detectable (Trottier et al., 2002) .
In summary, the real-time Q-RT-PCR and QC-RT-PCR assays described can be used reliably to detect BRSV and measure BRSV mRNA levels in infected cell cultures with comparable results. The Q-RT-PCR assay is sensitive, specific, rapid and efficient, eliminating the post-PCR processing steps required for QC-RT-PCR. The Q-RT-PCR assay may be applied, with advantage, to measuring viral mRNA levels in tissues of BRSV-infected calves in diagnostic testing or in experimental studies directed toward understanding the pathogenesis of BRSV-induced disease.
